Introduction
Over 13 million adults in the world are currently living with congenital heart disease (CHD), 1 and this number continues to grow. While cardiac catheterizations are often recommended as part of the diagnostic workup (for evaluation of pulmonary vascular resistance or quantification of shunts, for instance) or treatment, 2 the rates of and risk factors for complications following these procedures in adolescents and adults with CHD are not well known. Single-centre experiences have reported a wide range of rates of cardiac catheterization complications (2 to 18%) and mortality (0.2 to 2.3%) in children and adults with CHD. [3] [4] [5] [6] In adults with acquired heart disease, older age, female sex, very low or high body mass index (BMI), hypertension, and chronic kidney disease are known to be predictors of access site complications and adverse events after coronary interventions, 7, 8 but these factors have not been evaluated when determining risk for teenagers, young adults, and adults with CHD. The previous analyses of procedural complications in CHD have been performed in children 9, 10 or focused on post-hoc risk adjustment 11 using information acquired during the catheterization itself. 12 The Improving Pediatric and Adult Congenital Treatment (IMPACT) Registry was created by the National Cardiovascular Data Registry of the American College of Cardiology in 2011, 13-15 and contains data from over 77 000 congenital cardiac catheterizations performed at 87 hospitals in the United States. For each case, baseline information, detailed procedural data, as well as post-procedural events within the hospital admission are recorded. We sought to analyse the factors associated with adverse events in adolescents and adults with CHD undergoing a catheterization and to create a first risk stratification tool that can be used to individualize risk discussions prior to the procedure.
Methods

Study population
Hospitals that perform catheterizations on children or adults with CHD were invited to participate in the IMPACT database. Once enrolled, centres report the baseline characteristics and in-hospital outcomes of all their paediatric and their adult congenital cases through a secure online data collection platform. Details on the data elements captured can be found at https://www.ncdr.com/WebNCDR/impact/home/datacollection (27 January 2017). For this study, all patients over the age of 10 who had a diagnostic or interventional catheterization recorded in the IMPACT database between 2011 and the second quarter of 2015 were eligible, and version 1.0.1 of the data collection form was used.
Outcome
The primary composite outcome of major adverse events (MAE) was defined as intra-procedural death or cardiac arrest, death in the hospital, urgent surgery or procedure due to a complication of the catheterization, event requiring extracorporal membrane oxygenation (ECMO) or ventricular assist device (VAD) placement, device malposition or thrombosis requiring surgery, device embolization requiring retrieval by catheterization or surgery, anaemia requiring transfusion after the catheterization, and embolic stroke within 72 h after the procedure. The cause of those events, with the exception of urgent procedure due to a complication of the catheterization, cannot be attributed with certainty to the catheterization in this version of the IMPACT database. A bleeding event requiring a transfusion, for instance, is likely to be dependent on institutional practice as well as the severity of the adverse event; it is however one of the most common serious post-procedural events, and as such was included in the combined endpoint. Sensitivity analyses were also performed with (i) in-hospital mortality alone as the primary outcome; (ii) restriction of mortality events to in-lab mortality only, and exclusion of transfusion events; (iii) addition of haemodialysis to the composite outcome; (iv) exclusion of tamponade, ECMO and left ventricular assist device (LVAD) placement in the absence of other complications; and (v) bleeding endpoints alone, defined as unplanned vascular surgery due to catheterization complication, transfusions, other vascular complications requiring treatment, and bleeding events.
Variables
Baseline variables which could be obtained prior to catheterization were considered for inclusion in the model, since the goal was creation of a tool that could be easily used clinically to predict risk prior to doing the procedure. Baseline demographic variables were screened for inclusion in the model: age; gender; age and gender adjusted body-mass index percentile; history of any genetic syndrome, lung disease, coagulation disorder, diabetes, liver disease, kidney disease, stroke; pre-procedural haemoglobin and oxygen saturation; use of prostaglandins (coded as such in the IMPACT data collection form, and referring to pulmonary vasodilators in most cases) or anticoagulants. The underlying diagnosis severity was entered in the model as diagnostic severity class based on the Bethesda classification 16, 17 and in line with previous publications, 17 based on the International Classification of Diseases-9 code of the indication for the procedure. Procedure risk categories were devised based on the CRISP 9 and C3PO risk categories 11, 18 (see Supplementary material online, Table   S1 ). Procedural variables screened were urgency of procedure (categorized as elective/urgent/emergent/salvage) and arterial vs. venous access site. Hospitals reporting procedures on children under age 15 were considered primarily paediatric if they reported less than 25% of their volume in adults over age 18, or combined paediatric and adult centres otherwise; this was crosschecked with their description on the Children's Hospital Association and American Medical Association websites.
Statistical methods
Summary statistics were performed with the Student's t-test for continuous variables and the v 2 test for categorical variables. Hierarchical multivariable logistic regression with hospital site as a random effect was used to identify the variables significantly associated with MAE. To establish a parsimonious model, a backward selection process using the variables was performed until 90% of the full model R 2 value was retained.
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A split-sample validation was performed, with 70% of patients placed in the derivation cohort. Discrimination and calibration in the validation cohort were then tested by computing the C-statistic and calibration slope and intercept, with a slope of 1 and an intercept of 0 indicating perfect calibration. The computed risk (on the logit scale) was used as a predictor variable in the validation cohort, and the slope and intercept were tested on the model. 20 The final model is based on the derivation cohort only.
A risk score was created by assigning weighted values to the variables identified by the final model based on their beta coefficients in the regression model, using the lowest absolute beta weight as the base for the point system. 21 The risk score was then calculated by adding all the individual weighted values. Continuous variables were categorized based on their 25th percentile for ease of use in the final point score. All analyses were performed in SAS version 9.4 (SAS Institute, Cary, North Carolina, USA).
Results
The inclusion criteria were met by 27 293 index procedures performed at 87 hospitals, with age under 10 being the exclusion criterion for the remainder of patients; 19 105 procedures (70%) were included in the derivation cohort and 8188 (30%) in the validation cohort. The majority of patients had a moderate or complex diagnosis and an elective catheterization, and slightly more than half were adolescents (see Table 1 ). The most common procedure was a combined procedure (48.2%; diagnostic catheterization and an intervention), There were fewer than 5% missing values for the variables included in the model. There were no significant differences in baseline characteristics between the derivation and validations cohorts. A MAE occurred in 485/19 105 procedures in the derivation cohort (2.5%; 686/27 293 in the overall cohort); the incidence of MAE was similar across intervention types, except for pulmonary valve interventions (0/195 procedures with MAE, P = 0.023). There were 8 deaths in the catheterization lab (0.042%), and 104 patients who had an in-hospital death (0.54%), with two-thirds being in a highcomplexity Bethesda class, and most having a low risk category procedure. Components of the combined endpoint of MAE and other adverse events after the index procedure are presented in Tables 2  and 3 . The majority of patients who suffered tamponade, ECMO or VAD placement also suffered another adverse event (12 of 14 patients with tamponade, 14 of 15 who had initiation of ECMO, and 4 of 8 patients who had VAD placement). Increasing age had a linear relationship with increasing risk of MAE.
Nearly half of patients had not had prior cardiac catheterizations or operations before the index procedure (45.1% of all patients, vs. 9.3% of patients who had 1-3 prior procedures, and 45.6% with >3 prior procedures). Those without prior procedures had lower disease severity (33.5% simple vs. 28.9% complex by Bethesda class, compared with 8.6% vs. 46.2% in those with 1-3 prior procedures, and 1.5% vs. 55% in those with >3 prior procedures, respectively, P < 0.001). They however tended to have more urgent and higher risk procedures (2.3% if no prior procedures vs. 1.3% in those with > _1 prior procedure, P < 0.001), were older (median age 25.0 ± 16.7, compared with 23.2 ± 15.3 and 18.0 ± 8.6 in those with 1-3 and >3 procedures, respectively, P < 0.001), and had more medical comorbidities (with the exception of renal insufficiency, which was more common in patients with a history of >3 prior procedures).
The significant independent predictors of the combined MAE in the multivariate model were having a non-elective procedure, a higher index procedure risk, having had no prior catheterization or surgeries, older age, pre-procedural anticoagulation use, history of renal disease, lower haemoglobin and lower oxygen saturation ( Figure 1 for effect sizes) . Being underweight or overweight had borderline significance and was added to the model. The final model beta-coefficients and equation are presented in the Supplementary material online.
The C-statistic for our model was robust at 0.787 in the derivation and 0.773 in the validation cohort. The model showed good calibration with a calibration intercept of -0.23, P = 0.18, and slope 0.90, P = 0.12 (see Figure 2 for observed/expected plot). The model had adequate fit in both adolescents (ages 10-18) and adults (C-statistic 0.758 and 0.815, respectively), and in the small subset of procedures done in exclusively adult hospitals as well as the centres that also do paediatric procedures ( Table 4) . It was also similarly predictive in classes of disease severity, procedure complexity and risk level, and across more inclusive endpoint definitions ( Table 4) .
An integer score, designed based on the effect size of each predictor in the multivariable model, was associated with increasing incidence of the MAE, from 0.96% in patients with a score of 0, to 19% in patients with a score of > _12 points ( Figure 3 ).
Discussion
In this large registry study with data from 27 293 cardiac catheterizations in adolescents and adults with CHD, we present a set of new risk factors that are strong predictors of major adverse events. This is the first data-driven risk prediction score built to personalize risk discussions and counsel CHD adolescents and adults, a growing population in the cardiac catheterization laboratory. These include potentially modifiable risk factors, and raise mechanistic and physiologic questions. While the risk of a procedure may vary due to patient, procedural, hospital and operator-specific characteristics, especially in a heterogeneous population such as CHD, the risk score had a robust predictive ability across the diverse patient group represented in the IMPACT Registry, with a similarly strong C-statistic to that of other models used in routine practice (C-statistic of 0.77 in our validation cohort, compared for instance to 0.72 reported in the validation of the CATH-PCI registry bleeding model 22 ). The independent risk factors for MAE were different than those described in either paediatric population or adults with acquired heart disease. Procedural variables (non-elective and more complex procedure, no history of prior catheterizations or cardiac surgery) had the strongest predictive effect, followed by factors related to patient medical complexity (history of renal disease, pre-procedural anticoagulant use, lower haemoglobin, older age, being underweight) 11 by its focus on factors that are exclusively known prior to the procedure, in order to aid with preprocedural planning and discussion with patients of benefits and risks, and its focus on a more homogeneous age group (this analysis did not include neonates and infants, for instance). In addition to some elements also identified as risk factors in the risk-adjustment model (age, renal insufficiency, lower oxygen saturation and procedural risk group), by not including intra-procedural haemodynamics, our risk score additionally identifies 5 novel significant patient and procedural factors that add to our predictive ability. While anaemia, renal dysfunction and pre-procedural anticoagulation, risk factors for bleeding or mortality after coronary intervention in the non-congenital population, [22] [23] [24] are also predictive in CHD adolescents and adults, sex was not a significant predictor in our population, reflecting a sex interaction specific to coronary artery disease that may be less relevant in CHD, though may emerge as the population ages. Data on history of peripheral vascular disease or heart failure, known risk factors for adverse events in adults after coronary intervention, 23 is not currently collected in the IMPACT Registry; addition of these clinical variables in future versions of the model would be expected to further increase its predictive value. Hospital-level characteristics, such as case volume and mix, presence of trainees, and paediatric vs. adult base, may have been associated with more frequent adverse events in these patients, but were not included in this analysis. The increase in the risk of MAE seen in patients in our study who had not had prior surgeries or procedures has not been previously described. Their higher incidence of MAE was consistent with their observed older age, higher medical complexity, higher procedure risk and higher frequency of urgent or emergency procedures. For instance, patients with large shunts who have not previously undergone reparative procedures are more likely to be cyanotic, have pulmonary hypertension and downstream multiorgan consequences (such as right ventricular failure, arrhythmias, erythrocytosis, hepatic congestion and renal dysfunction). It is likely that patients who had more than one prior procedure had had an earlier diagnosis and remained in care, the latter of which is associated with improved outcomes. Not having had prior procedures or surgeries remained however an independent significant predictor after adjusting for age, procedure risk and status, though may have a residual correlation with medical comorbidities.
Weights assigned to the risk factors based on their effect size in the final regression model were used to create an easily usable risk score to help guide conversations with patient, family, and referring providers. The use of tools that predict individualized procedural risk (such as the PREDICT calculator) have been shown to increase patient engagement and satisfaction, and lower patient anxiety 25 ; a tool specific to CHD would be expected to have similar results. While a risk score is not a replacement for a detailed discussion of benefits and risks among patient, family members, referring physician, interventionalist and multidisciplinary team, 2 it can be a helpful guide for the conversation. In addition, integration of risk-predictive tools in the procedure preparation and consent process have been shown to improve procedural planning prior to coronary interventions, for instance by increasing the rates of radial access in patients who are at higher risk of access-site bleeding. 26 Finally, this analysis also highlights the potentially modifiable patient factors that are associated with adverse events after a catheterization, such as body mass and preprocedural anticoagulation. The higher risk associated with urgent and emergent procedures supports the need for earlier referrals and adherence to guideline recommendations for active surveillance.
Limitations
The principal limitation of our study is that the components of the primary endpoint are not all known with certainty to be related to the catheterization. There is no post-hoc adjudication of events in IMPACT to establish causality, and some events may have been due to planned cardiac surgery post-catheterization. Our model, however, retained good predictive value even in the subset of patients who did not have a planned surgery after catheterization as well as several other sensitivity analyses. It remains crucial to validate and refine this model in other populations, and in individual procedures as the dataset grows. A limitation of any procedural risk model is that some post-procedural adverse events are not related to patient factors, such as stochastic events, hospital or operator-dependent factors. Collinearity between markers of severity of patient illness and procedure risk group or urgency is likely, and may have driven some patient-specific factors out of the model.
In conclusion, we identified risk factors for adverse events after cardiac catheterization procedures in adolescents and adults with CHD in a large registry. The factors predicting risk are different in these patients than in prior published catheterization risk calculators, and this model we developed can be used to individualize the risk and benefit discussion in this special population prior to a catheterization procedure. Validation of the risk score in other national or multi-institutional datasets is the next step.
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